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Abstract. Elevated levels of certain membrane pro- 
teins, including the sterol biosynthetic enzyme HMG- 
CoA reductase, induce proliferation of the endoplasmic 
reticulum. When the amounts of these proteins return 
to basal levels, the proliferated membranes are de- 
graded, but the molecular details of this degradation re- 
main unknown. We have examined the degradation of 
HMG-CoA reductase-induced membranes in the fis- 
sion yeast, Schizosaccharomyces pombe. In this yeast, 
increased levels of the Saccharomyces cerevisiae HMG- 
CoA reductase isozyme encoded by HMG1 induced 
several types of membranes, including karmellae, 
which formed a cap of stacked membranes that par- 
tially surrounded the nucleus. When expression of 
HMG1 was repressed, the karmellae detached from the 
nucleus and formed concentric, multilayered mem- 
brane whorls that were then degraded. During the deg- 
radation process, CDCFDA-stained compartments dis- 
tinct from preexisting vacuoles formed within the 
interior of the whorls. In addition to these compart- 
ments, particles that contained neutral lipids also 
formed within the whorl. As the thickness of the whorl 
decreased, the lipid particle became larger. When deg- 
radation was complete, only the lipid particle remained. 
Cycloheximide treatment did not prevent the forma- 
tion of whorls. Thus, new protein synthesis was not 
needed for the initial stages of karmellae degradation. 
On the contrary, cycloheximide promoted the detach- 
ment of karmellae to form whorls, suggesting that a 
short lived protein may be involved in maintaining 
karmellae integrity. Taken together, these results dem- 
onstrate that karmellae membranes differentiated into 
self-degradative organelles. This process may be a com- 
mon pathway by which ER membranes are turned over 
in cells. 
C 
ELLULAR membranes undergo dynamic changes in 
amount,  composition,  and  morphology  in  re- 
sponse to changes in environmental or physiologi- 
cal conditions. Particularly striking and diverse are alter- 
ations of the endoplasmic reticulum that occur during cell 
development and differentiation. For example, as resting 
B cells differentiate into immunoglobulin-secreting plasma 
cells, the rough endoplasmic reticulum expands from a mi- 
nor organelle into the most obvious structure in the cyto- 
plasm (16, 56, 66, 72). In a similar way, smooth ER prolif- 
eration  accompanies  differentiation of steroid-hormone 
producing cells, including testis interstitial cells that syn- 
thesize androgens and lutein cells that synthesize proges- 
terone (33).  Alterations of ER organization are also ob- 
served in pathological situations, including infections by 
viruses, responses to drug treatments, and carcinogenesis 
(13, 27, 28, 43). 
The balance between the synthesis and turnover of ev- 
ery cellular membrane is rigorously maintained through- 
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out the life span of each cell. In certain cases, this balance 
is a critical feature of the cell's specialized function. For 
example, rod cells continuously shed discs from their api- 
cal surface, with the loss of membrane balanced by inser- 
tion of new discs at the base of the disc stack (37, 71). The 
balance between membrane synthesis and loss is dynamic: 
if the synthesis of new disc membranes is inhibited, such as 
by starvation for essential fatty acids, the rate of disc turn- 
over is appropriately repressed (3).  In spite of its impor- 
tant role in cellular function, a  molecular description of 
how cells balance membrane assembly and degradation is 
not available for even a single membrane type. 
Useful experimental models for analysis of membrane 
synthesis and turnover are provided by the specific mem- 
brane  arrays induced by increased levels of certain ER 
membrane proteins (67).  The best characterized of these 
membranes are formed in response to HMG-CoA reduc- 
tase, the rate-limiting enzyme in sterol biosynthesis (4, 11, 
42,  44,  55).  In  mammalian cells,  increased  amounts  of 
HMG-CoA reductase lead to formation of crystalloid ER, 
which consist of hexagonally packed arrays of smooth ER 
tubules  (4,  11). In  budding  yeast,  increased  levels  of 
HMG-CoA  reductase  induce  formation  of  karmellae, 
which are stacked membranes that partially surround the 
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HMG-CoA reductase levels are elevated. However, when 
HMG-CoA reductase levels are repressed by addition of 
LDL, the crystalloid ER is degraded (4, 42). Thus, the syn- 
thesis and degradation of a complex membrane structure 
can be simply and reproducibly controlled by experimen- 
tally altering the amount of HMG-CoA reductase. 
One of our goals is to obtain a molecular description of 
karmellae biogenesis and degradation. However, the pro- 
cess of degradation has been difficult to study in budding 
yeast because, as in mammalian  cells,  degradation does 
not appear to involve easily distinguishable structural in- 
termediates (4, 42; Koning, A. J., and R. Wright, unpub- 
lished results).  This report describes karmellae degrada- 
tion in the fission yeast, Schizosaccharomyces pombe. In 
contrast  to  karmellae  in  budding  yeast, karmellae  in S. 
pombe underwent a clear series of structural intermediates 
during  degradation.  This  observation  allowed  us  to 
analyze features of the degradation process. Our results 
indicated that karmellae degradation occurred by differ- 
entiation  of detached  karmellae  into  a  self-degradative 
compartment. This process may offer opportunities to un- 
derstand the  molecular details  of the  turnover of endo- 
plasmic reticulum membranes. 
Materials and Methods 
Yeast Strains, Media, and Growth Conditions 
S. pombe strain ED665 (h- 1eul-32 ura4-D18 ade6-210) and SpB60 (h  + 
leul-32 ura4-D18 ade6-216) were obtained from P. Miller (University of 
Vermont, Burlington) and M. Moser (University of Washington, Seattle), 
respectively. Medium for growth of yeast cells was either YM-minus-Leu- 
cine (0.67%  yeast nitrogen base without amino acids, 2% glucose, 0.1% 
yeast complete supplement minus leucine) or Edinburgh Minimal Me- 
dium (EMM)  supplemented with 75 ixg/ml adenine and 75  i~g/ml uracil 
(40). EMM medium and yeast supplement minus leucine were purchased 
from Biol01 (La Jolla, CA). For solid medium, agar was added to 2% fi- 
nal concentration. Cells that expressed Hmglp from the constitutive adh+ 
promoter  were  grown  in  either  YM-minus-Leucine or  supplemented 
EMM. Cells that expressed Hmglp from the repressible nmtl + promoter 
were grown in EMM supplemented with 75 Ixg/ml adenine and 75 p,g/ml 
uracil (i.e., lack of thiamine) to induce HMG1 expression and were grown 
in supplemented EMM with the addition of 6 p,g/ml thiamine or in YM- 
minus-Leucine (which contains 0.4 p,g/ml of thiamine). 
Construction of  Plasmids 
Plasmids were constructed according to standard cloning procedures (5, 
36).  The  vector,  pART1,  containing Saccharomyces  cerevisiae's  LEU2 
gene and the S. pombe adh+ promoter was a gift from A. Klar (NCI-Fred- 
crick Cancer Research and Development Center, Frederick, MD)  (39). 
The vector, pREP3X, with S.  cerevisiae's  LEU2 gene and the S. pombe 
nmtl + promoter, was a gift from S. Forsburg (The Salk Institute, San Di- 
ego, CA) (21, 38). In pPL95, the S. cerevisiae HMG1 gene was placed un- 
der the control of the constitutive S. pombe adh+ promoter. To construct 
pPL95, a 4.0 kb BamH1/Nrul restriction fragment from p JR435 (8), which 
contains the entire HMG1 coding region and 3' untranslated region, was 
made blunt by treatment with the Klenow fragment of DNA polymerase 
and ligated into the Smal site of pART1. In the plasmid pPL283, the S. 
cerevisiae HMG1 gene was placed under the control of the repressible S. 
pombe nmtl + promoter, using an identical strategy as for pPL95. 
Levels of  Hmglp Overexpression  from nmt  l Promoter 
The nrntl + promoter is strongly repressed by the presence of thiamine in 
the medium, but can induce as much as a 300-fold increase in gene expres- 
sion in the absence of thiamine (39). Our attempts to estimate the level of 
overproduction of Hmglp from the nmt+ promoter were complicated by 
the absence of observable Hmglp in thiamine-repressed cells. Without a 
baseline for the calculafions, production of any observable Hmglp would 
be an infinitely large overproduction. To estimate the minimal level of 
overproduction, we used NIH Image 1.54 Analysis software to compare 
the amount of Hmglp on immunoblots produced at the peak of expres- 
sion (24 h after induction) to the smallest observable amount of Hmglp 
prepared from cells following repression (21 h after repression). Thus, we 
compared the highest amount of Hmglp produced by the cells to the low- 
est observable amount. This approximation showed Hmglp levels were 
increased at least 10- to 15-fold. Based on similar experiments, the level of 
overproduction of Hmglp from the adh+  promoter was comparable to 
that from the nmtl+ promoter. 
Staining of Cells and Microscopy 
For DiOC6 (3,3'-dihexyloxacarbocyanine iodide) staining (29), 2 ~1 of cell 
culture (OD600 = 0.5-1.0) were placed on a  slide, mixed with 3 ixl of an 
agar plus dye mixture, and covered with a  coverslip. The agar plus dye 
mixture consisted of 200 ~1 of 1% SeaPlaque agarose (FMC Bioproducts, 
Rockland,  ME)  dissolved in  medium and  1  p~l of  10  mg/ml ethanolic 
DiOC6 stock (Molecular Probes, Eugene, OR; Kodak, Rochester, NY). 
The dye/agar mixture was kept liquefied in a 50°C temperature block and 
used within 30 min of mixing. The quality of DiOC6 staining depends on 
the physiology and the concentration of the cells (29).  In the case of S. 
pombe, the nuclear envelope/ER in log phase cells stained well even with 
low concentrations of DiOC6 (i.e., 30 0,g/ml final concentration using the 
method described  above).  However,  stationary  phase  cells  required  a 
higher concentration of dye to obtain nuclear membrane staining. In addi- 
tion, log phase cells stained with DiOC6 almost instantaneously, whereas 
stationary phase cells required a  longer incubation time. Therefore, the 
dye concentration in the dye-agar mixture or the incubation time before 
viewing was increased or decreased to accommodate the different staining 
properties of cells during different stages of growth. 
Nile  Red  (9-diethylamino-5H-benzo(ct)phenoxazine-5-one)  and  R6 
(rhodamine B, hexyl ester chloride) (both from Molecular Probes) were 
dissolved as a  10 mg/ml ethanolic stocks and used in a  similar way as 
DiOC6. The staining properties of R6 are identical to that of DiOC6 (61), 
except that the excitation and emission wavelengths for the two dyes are 
different. Nile Red stains neutral lipids, so that both lipid particles and cel- 
lular membranes are visible in cells stained with Nile Red (22, 23). How- 
ever, the intensity and the color of staining is different for lipid particles 
and membranes (22).  In S. pombe stationary phase cells, cellular mem- 
branes were faintly stained, but lipid particles were stained prominently. 
In log phase cells, membranes and lipid particles had about equal staining 
intensity when the excitation wavelength was 568  nm (appropriate  for 
rhodamine) but the lipid particles fluoresced brighter than membranes 
when the excitation wavelength was 488 nm (appropriate for fluorescein), 
making it easy to visualize lipid compartments enclosed by a whorl. This 
observation was consistent with the Nile Red staining properties in mam- 
malian cells (22). The confocal micrographs shown in this paper of Nile 
Red staining used 488 nm as the excitation wavelength. 
For double staining with both CDCFDA (carboxydichlorofluorescein 
diacetate; Molecular Probes) and R6 (60) the cells were first pelleted by 
centrifugation and resuspended in 1 ml of low pH YE medium (0.5% 
yeast extract, pH 3.5 with HCI). CDCFDA was added to a final concentra- 
tion of 5 ~LM and incubated at 30°C on a rotator for 15 to 20 min (2, 46). 
After the dye had been taken up into the vacuoles of the cell, 3 I,d of agar 
plus dye mixture containing R6 was mixed with 2 pxl of CDCFDA-stained 
cell suspension as described for DiOC6 staining. 
For  staining with FM1-43  (N-(3-triethylammoniumpropyl)-4-(p-dibu- 
tylaminostyryl) pyridinium, dibromide), 5  ~1 of 2 mM methanolic stock 
(Molecular Probes) was added to 5 ml of growing cell culture at 30°C. For 
double staining with CDCFDA, the cells were grown for 20 min in the 
presence of FM1-43, pelleted, and resuspended in 1 ml of low pH YE me- 
dium with 5 p,M CDCFDA and the cultures were incubated at 30°C on a 
rotator for 15 to 20 min. For double staining cells with DiOC6 and FM1- 
43, cells were allowed to induce karmellae in the presence of FM1-43 so 
that FM1-43 was present during the entire period of karmeUae formation 
and degradation. 2  i~1 of the FM1-43-stained cells were spotted onto a 
slide and 3 p,l of DiOC6 plus agar mixture was added. The structure and 
the staining properties of FM1-43 were similar to those of FM4-64 (64). 
Stained cells were observed with either conventional fluorescence op- 
tics, using a Nikon Microphot-FXA epifluoresceuce microscope, or confo- 
cal microscopy, using a  BioRad MRC600 laser scanning confocal micro- 
scope. DiOC6 and CDCFDA stained cells were observed with fluorescein 
filters (excitation 480 ± 20 nm, barrier 535 ± 40 nm) and R6- and FM1-43- 
stained ceils were observed with rhodamine filters (Nikon DM580 Filter 
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Nile  Red stained cells were  either  observed with fluorescein filters  or 
rhodamine filters on an epifluorescence microscope. For confocal micros- 
copy of ceils stained with DiOC6, CDCFDA or Nile Red, 488-nm excita- 
tion wavelength and BHS emission filter were used. For confocal micros- 
copy of cells stained with R6 or FM1-43, 568-nm excitation wavelength 
and YHS emission filter were used. For confocal microscopy of double- 
stained cells, K1 and K2 filter blocks (560 DRLP dichroic, 522 DF35 green 
emission filter and 585 EFLP red emission filter) were used with the dual 
excitation filter on the filter wheel of the MRC600 microscope. 
Electron Microscopy 
Cells expressing Hmglp from the adh+  promoter were grown to early 
logarithmic phase at 30°C in EMM supplemented with 75 }xg/ml adenine 
and 75 jxg/ml uracil. Preparation for electron microscopy was a variation 
on that described in (70). The cell culture (40 ml) was mixed with 10 ml of 
5x fixative (5x TBS [0.5 M Trizma base, 0.05 M  KCI, 2.7 M  NaCl] con- 
taining 5 mM CaC12, 5 mM MgC12, 1 M sorbitol, and 10% glutaraldehyde) 
and allowed to fix for 5 min at room temperature. Cells were then pelleted 
by centrifugation at 2,000 rpm in a clinical centrifuge and resuspended in 
12.5 ml of 1 x  fixative. After incubating at room temperature for 30 rain, 
the cells were washed four times with 20 ml of distilled water. The cells 
were then resuspended in 2 ml of distilled water, 2 ml of 4% potassium 
permanganate was added, and the mixture was incubated at room temper- 
ature for 5 rain. The cells were pelleted and the fixative was replaced with 
6 ml of 2%  potassium permanganate. The cells were then incubated at 
room temperature for 1 h. Cells were washed extensively in distilled wa- 
ter, until no trace of purple color was evident, and dehydrated through a 
graded ethanol series and embedded in Pelco Ultra Low Viscosity Resin 
(Ted Pella, Redding, CA). The resin was allowed to polymerize for 48 h at 
60°C. Silver-to-gold sections (~90 nM thick) were cut using a  diamond 
knife and mounted on 200-mesh nickel grids. Sections were stained with 
2% aqueous uranyl acetate and Reynold's lead citrate (49). Observations 
were made on a Philips 300 microscope operated at 60 kV. 
Polyacrylamide Gel Electrophoresis 
and Immunoblotting 
A total membrane fraction was prepared from yeast cells using modifica- 
tions of the method described by Deschenes and Broach (15). Briefly, cells 
were harvested by centrifugation and resuspended in lysis buffer (0.3 M sor- 
bitol, 0.1 M NaCI, 5 mM MgCI2, and 10 mM Tris-HCl, pH 7.4) containing 
1 p~g/ml each TPCK (N-tosyl-L-phenylalanine chlornmethyl ketone), leu- 
peptin,  pepstatin  A,  and  1  mM PefaBloc  SC  (Boehringer  Mannheim 
Corp. Indianapolis, IN) in a screw cap microcentrifuge tube. Acid-washed 
glass beads were added to the meniscus and the sample was agitated at 
4°C in a  Mini-Beadbeater (Baxter, Redmond, WA) in two l-rain bursts, 
with a short incubation on ice between agitations. To maximize recovery 
of lysate after beadbeating, a hole was made on the cap of the microcentri- 
fuge tube with a needle and the tube was placed upside down in a  5-ml 
conical plastic tube. The lysate was removed from the beads by centrifuga- 
tion at 2,000 rpm for 5 min, in a clinical centrifuge. This method allowed 
complete recovery of the tysate. 
A  soft pellet, designated P1, was obtained following centrifugation in 
the clinical centrifuge. The supernatant solution was removed and centri- 
fuged at top speed in a  microcentrifuge for 20 rain to obtain pellet P2. 
Hmglp was present in both P1 and P2, but absent from the final superna- 
tant solution. Either P1 or P2 fractions alone, or P1 and I>2 combined, re- 
producibly provided identical estimates of the relative Hmglp levels in all 
strains and conditions used in this study. In the immunoblots shown in this 
paper, P1 was used. Pellets were resuspended in 5 v.l of lysis buffer per 107 
cells and 1/2 volume of 2×  sample buffer (0.06 M Tris-HCl, pH 6.8, 4% 
SDS, 20%  glycerol,  10%  13-mercaptoethanol, 0.01%  Bromphenol blue) 
was added (30). The sample was heated for 15 rain at 60°C and then cen- 
trifuged in a microcentrifuge at top speed for 5 rain to pellet insoluble ma- 
terial. The supernatant solution, containing solubilized proteins from cel- 
lular membranes, was divided into aliquots and stored at 76°C until use. 
The proteins in the samples were separated on 7.5% polyacrylamide mini- 
gels, using a  3%  stacking gel. After electrophoresis, the proteins were 
transferred to two stacked pieces of nitrocellulose in the Trans-Blot SD 
Semi-Dry Electrophoretic Transfer Cell (Bio Rad Labs., Richmond, CA) 
at 12V for 30 min. After transfer, the piece of nitrocellulose touching the 
gel was used for immunoblotting and the second piece was stained for to- 
tal protein in TBST buffer (lx  TBS, 0.05% Tween-20) with Indian ink 
(25) to control for uniform transfer. After blocking in TBSTM (1 ×  TBS, 
0.05% Tween-20, 2% nonfat milk) for 30 min, the immunoblot was incu- 
bated for 1 h  in 1:7,500  dilution of polyclonal anti-Hmglp antiserum in 
TBSTM (68). Following four washes in TBSTM, the immunoblot was in- 
cubated for 1 h in alkaline phosphatase-conjugated goat anti-rabbit anti- 
serum (Promega, Madison, WI) diluted 1:7,500 in TBSTM. The blot was 
then washed four times with TBSTM, followed by quick washes in 500 ml 
of TBST and 500 ml of TBS. The blot was developed using 10 v.g/ml NBT 
(nitroblue  tetrazolium)  and  5  izg/ml BCIP  (5-bromo-4-chloro-3-indoyl 
phosphate) in developing buffer (0.1 M  Tris-HCl, pH 9.5, 0.1 M  NaCI, 5 
mM MgC12) (26). Dried gels and the Western blots were digitized using a 
Scan-X Color Scanner (HSD Microcomputer, Mountain View, CA). Rela- 
tive amounts of total protein loaded per lane as well as relative amounts of 
Hmglp protein on the Western blot were determined using the NIH Im- 
age 1.54 Analysis software. Dilutions of each sample were loaded and an- 
alyzed to make certain that bands on the immunoblots were in the linear 
range of the alkaline phosphate reaction. 
Results 
Expression of the S. cerevisiae HMG1 Gene in 
S. pombe Induced Membrane Proliferations, Including 
KarmeUae and Cytoplasmic Whorls 
Human or hamster HMG-CoA reductase induces karmel- 
lae in budding yeast, rather than crystalloid ER (69). Con- 
versely, expression of the budding yeast HMG1  gene in 
mammalian cells produces crystalloid ER formation (69). 
These results indicate that elevated HMG-CoA reductase 
levels from heterologous sources can initiate membrane 
synthesis, but the organization of the resulting membranes 
is determined by the cell type in which the proliferation 
occurs. To examine features of karmellae formation and 
degradation that were difficult to observe in S. cerevisiae, 
we tested whether or not these observations could be ex- 
tended to fission yeast. 
For these experiments, the S. cerevisiae HMG1 gene was 
placed  under  the  control  of the  adh+ promoter, an  S. 
pombe promoter that  is  expressed constitutively in  glu- 
cose- or glycerol/ethanol-grown cells (21, 39, 52). To ana- 
lyze membranes induced by Hmglp, stationary phase cells 
containing pPL95, a  multi-copy plasmid  with the adh+: 
HMG1 promoter fusion gene, were inoculated into fresh 
medium and allowed to resume growth and overproduce 
Hmglp. Increased levels of HMG-CoA reductase activity 
confer resistance to competitive inhibitors, such as com- 
pactin and lovastatin (1, 19, 50). The Hmglp produced by 
S. pombe was functional, since it enabled the cells to grow 
in the presence of 100 p~g/ml lovastatin, which was lethal to 
wild-type S. pombe cells (data not shown). 
The organization of subcellular membranes in cells ex- 
pressing HMG1 under control of the adh+ promoter was 
observed using fluorescence microscopy of DiOC6-stained 
cells and transmission electron microscopy. Several types 
of membrane arrays were induced by Hmglp, including 
peripheral membrane stacks  near the plasma membrane 
(referred to as "strips"), karmellae, and multilayered mem- 
brane whorls in the cytoplasm (Figs. 1 and 2). The karmel- 
lae that formed in S. pombe appeared identical to that ob- 
served  in  budding  yeast  (68).  As  in  S.  cerevisiae, the 
karmellae membranes were also asymmetrically arranged 
on  the  nucleus  and  were  usually  asymmetrically segre- 
gated  at  mitosis.  The  whorls  were  frequently found  in 
close proximity to the nucleus or karmellae (Fig. 1, 3a and 
3b and Fig. 2). 
Lum and Wright Degradation of Membranes in Fission Yeast  83 Figure 1. Expression of the S. cerevisiae  Hmglp in S. pombe induced several types of membrane arrays. The cells shown here contain 
pPL95,  a  multicopy plasmid with an adh+:HMG1  promoter fusion. The left column (a)  shows confocal micrographs  of living cells 
stained with DiOC6. The right column (b) shows electron micrographs of cells containing the same membrane type. (la and lb) Cells 
that lack Hmglp did not contain membrane proliferations. DiOC6 stained the nuclear envelope and the ER in these cells. (2a and 2b) 
Nuclear-associated membranes known as karmellae were produced in cells that expressed HMG1. (3a and 3b) Whorls of stacked mem- 
branes were present in cells that expressed HMG1.  Note that whorls were often found adjacent to the nucleus. (4a and 4b) Strips of 
stacked membranes near the cell periphery were present in cells that expressed HMG1. n, nucleus. Arrowheads point to proliferated 
membranes. Bars: (la-4a) 5 ~m; (lb-4b) 1 ~m. 
The Journal of Cell Biology, Volume 131, 1995  84 Figure 2. In cells with proliferated membranes, whorls of stacked membranes were frequently present near the nucleus. The cells in this 
panel are expressing HMG1 under control of the adh+ promoter. (A) Whorls were often present near the nucleus (see also Fig. 1, 3a 
and 3b, and Fig. 11 A). Arrow shows a possible connection between karmellae and a whorl. (B) Several compartments were present in 
the whorl interior. Based on fluorescence staining properties described later, two types of compartments were present within the whorl: 
CDCFDA-stained compartments and lipid particles. (C) As degradation progressed, the number of whorl layers decreased and the lay- 
ers became less organized, n, nucleus; w, whorl; k, karmellae. Bars, 0.5 ~m. 
Lum and Wright Degradation of  Membranes in Fission Yeast  85 These  observations were consistent with previous con- 
clusions that membrane biogenesis can be induced by HMG- 
CoA reductase molecules from heterologous sources (69). 
In addition, they provided the opportunity to examine the 
relationships  among  clearly  distinguishable  membrane 
types, particularly karmellae and whorls. 
The Types of Membrane Proliferations Produced 
Depended on the Growth Phase of the Culture 
The expression pattern of HMG1 under the control of the 
adh + promoter resulted in increased levels of Hmglp dur- 
ing logarithmic growth and in decreasing levels of Hmglp 
as  the  cells  entered  stationary  phase  (data  not  shown). 
Thus,  the expression pattern of the adh+  promoter pro- 
vided a  way to determine whether karmellae and whorls 
were  temporally  related.  We  examined  the  changes  in 
membrane morphology of cells with the adh +:HMG1 pro- 
moter fusion (pPL95) throughout culture growth (Fig. 3). 
During  lag  phase  growth,  peripheral  membrane  stacks 
(strips) were the predominant membrane type, present in 
~40%  of the cells in the population. The  peak of mem- 
brane induction occurred in mid-log phase growth, when 
more than 80%  of the cell population contained prolifer- 
ated membranes. Proliferated membranes were never ob- 
served in  all cells, at  least in  part, because  of the  asym- 
metric segregation of karmellae. During logarithmic phase 
growth, karmellae were the predominant membrane type, 
present in 50% of cells in the population. During early sta- 
tionary phase, whorls became the predominant membrane 
type, present in nearly 50%  of cells in the population. In 
later stationary phase  growth, most membrane  prolifera- 
tions were lost so that few cells contained any observable 
membrane  proliferations. However,  in the  small number 
of stationary phase cells that did possess membrane prolif- 
Figure 3. The types of membranes induced by Hmglp were re- 
lated to the growth phase of the culture and to the amount of 
Hmglp. This graph represents the time course of membrane pro- 
liferations observed in populations expressing HMG1  from the 
adh+ promoter. Membrane organization was determined by ob- 
servation of DiOC6-stained ceils. Data were pooled from two in- 
dependent experiments with at least 100 cells assayed per each 
time point. Cells with multiple types of membranes or with inter- 
mediate membrane types are grouped together as "Mix." 
erations,  only  whorls  were  observed.  Eventually,  even 
these whorls disappeared from the cells. 
At all stages except stationary phase, ~10-20%  of ceils 
contained more than one type of membrane or intermedi- 
Figure 4.  Repression of HMG1  expression from the nmt+  pro- 
moter induced loss of karmellae and formation of whorls which 
were subsequently degraded. (A) The bars on this graph show the 
increase in the ratio of cells with whorls versus karmellae follow- 
ing  expression  of HMG1  from  the  nmtl+  promoter  was  re- 
pressed by the addition of thiamine. At 9.5 and 21 h after repres- 
sion,  similar  proportions  of  cells  containing  whorls  were 
observed. However, the whorls in these cells were thinner than 
those present after 5.5 h, suggesting that the whorls were being 
degraded.  As  the  proportion  of  cells  with  whorls  relative to 
karmellae increased, the proportion of the cell with membrane 
proliferation decreased  (line with square  data points). The  in- 
crease in OD600 is shown on the line with circular data points. 
(B1)  Immunoblots using anti-Hmglp antiserum from  the  time 
points in 4A showed that the steady state levels of Hmglp de- 
creased  following  addition  of  thiamine.  Serial  dilutions  (not 
shown) confirmed that the alkaline phosphatase reactions shown 
on this blot were in the linear range. (B2) Duplicate of the SDS 
polyacrylamide gel  that  was  used  for  the  immunoblot  in  B1 
shown as a control for total protein loading. (B3) Both the immu- 
noblot and the  Coomassie stained duplicate gel were digitized 
and  then  analyzed  using  NIH  Image  Analysis software.  The 
graph shows the levels of Hmglp on the immunoblot, normalized 
to total protein. These calculations do not take into account the 
dilution of Hmglp due to cell division. If the dilution factor is 
taken into account, a decreasing trend is also observed, indicating 
that the amount of Hmglp per cell is still decreasing albeit less 
sharply.  Arrowhead,  Hmglp  (115  kD).  Arrow,  Hmglp  main 
breakdown product (~60 kD). 
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strip,  karmellae,  or whorls  (for example  see  Fig.  11 A). 
The  relationship  between  the  peripheral  strips  formed 
during lag phase growth and other membrane types is cur- 
rently under investigation and will not be discussed in this 
report, which focuses on the  karmellae  and whorl mem- 
branes. 
To examine further the relationship between karmellae 
and whorls, we constructed pPL283, which placed HMG1 
under control of nmt+, a repressible S. pombe promoter. 
This promoter is active in the absence of thiamine, but is 
repressed by the presence of thiamine (21, 38). Expression 
of HMG1 from the nrntl+ promoter was induced for 24 h 
by growth of cells containing pPL283 in the absence of thi- 
amine, to allow karmellae to accumulate. Then, thiamine 
was  added  to  repress  HMG1  expression.  Using  DiOC6 
staining, the membrane arrays in these cells were then ob- 
served for the next 21 h. Consistent with previous observa- 
tions of cells expressing HMG1 from the adh + promoter, 
as the percentage of cells with karmellae decreased, a con- 
comitant increase  in  the percentage of cells  with  whorls 
was  observed.  As  the  membranes  were  degraded,  there 
was an increase in the number of cells with whorls relative 
to the number of cells  with karmellae  (Fig.  4 A). At the 
same time, there was a corresponding decrease in Hmglp 
levels (Fig. 4 B) and the proportion of cells with prolifer- 
ated membranes decreased from greater than 40% of cells 
in  the  population  to  r-o10%. AS  a  control, the  whorl  to 
karmellae ratios in a minus thiamine culture and a plus thi- 
amine culture were also compared in a separate set of ex- 
periments  (data  not  shown).  Results  showed  that  the 
whorl to karmellae ratio was higher when HMG1 expres- 
sion  was  repressed  with  thiamine  compared  to  when 
HMG1  expression  was  not  repressed,  reconfirming that 
the increase in whorl formation seen in Fig. 4 was due to 
the  repression  of the  HMG1  gene.  Although the  time- 
course  of the  expression  of HMG1  was  different when 
expressed from the adh+ versus the nmtl+ promoter, ob- 
servations using both promoters were consistent and sup- 
ported the possibility that the whorls were intermediates 
in karmellae degradation. 
The Cytoplasmic Whorls Enclosed Compartments That 
Were Distinct from Preexisting Vacuoles 
Results from both ultrastructural and DiOC6 staining sug- 
gested that whorls were formed from pockets of karmellae 
that pulled away from the nucleus and detached to form a 
multilayered membrane whorl that contained several vesi- 
cles or compartments (Figs.  1 and 2, see also Fig. 11). Elec- 
tron micrographs showed that the interior of this compart- 
ment contained cytoplasm. Some aspects of the process of 
whorl formation appeared similar to autophagy, in which 
an ER-derived membrane cisterna curls around a portion 
of cytoplasm and  fuses  to  sequester  the  engulfed  cyto- 
plasm in an autophagosome (17, 53, 58). Turnover of cyto- 
solic components by autophagy requires conversion of the 
autophagosome into an acidic compartment, known as the 
autolysosome (17,  53).  Thus, if whorls represented auto- 
phagic  intermediates  in  karmellae  degradation,  we  ex- 
pected that their interior would become acidified and stain 
with CDCFDA, a fluorescent probe that has been used to 
study vacuoles in yeast (46, 48, 64, 65). 
To  test  this  possibility,  we  examined  whorls  in  cells 
stained with CDCFDA. Consistent with our expectations, 
the interior of the whorl contained CDCFDA-stained ves- 
icles. However, rather than being uniformly stained as ex- 
pected for autophagosomes, the interior of the whorl con- 
Figure 5. The interior  of the 
whorl contained one or more 
compartments  that  stained 
with CDCFDA. Living cells 
expressing  HMG1  under 
control  of  the  nmtl+  pro- 
moter  were  double-stained 
with CDCFDA to label vacu- 
oles and with R6 to label the 
nuclear  envelope,  ER,  and 
membrane  proliferations. 
The  left  panels  show  CD- 
CFDA staining and the right 
panels show R6 staining. (A1 
and A2) The membranes  of 
the whorl were stained  with 
R6  but  did  not  stain  with 
CDCFDA.  Instead,  CD- 
CFDA  stained  three  com- 
partments  in  the  interior  of 
the  whorl. (B1  and  B2)  In 
rare cases, a whorl contained 
only  one  large  CDCFDA- 
stained  compartment,  as 
shown in this figure, a, CD- 
CFDA-stained  compart- 
ment;  n,  nucleus; w,  whorl. 
Bar, 5 txm. 
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clarify further the structure of the whorl, serial thin sec- 
tions were examined (data not shown). 12 out of 15 whorls 
examined were not completely closed but had one or more 
small openings to  the  surrounding cytoplasm. Neverthe- 
less,  all  15  whorls  contained  similar  kinds  of compart- 
ments, regardless of whether the structure was closed or 
open (see Fig. 2 for electron micrographs showing these 
compartments).  These  observations  suggested  that  the 
whorl was unlike a typical autophagosome (7, 18). 
To  determine  whether  or  not  the  CDCFDA-stained 
compartments in the whorl interior were preexisting vacu- 
oles that were engulfed when the whorl detached from the 
nucleus, we took advantage of the ade6 mutation present 
in our strains.  Mutant yeast strains with defects in certain 
steps of adenine biosynthesis, including ade6 strains, accu- 
mulate a  fluorescent pigment in their vacuoles when the 
supply of adenine becomes limiting (65).  Consequently, if 
the compartments in the whorl interior were engulfed vac- 
uoles, the characteristic vacuole autofluorescence should 
be present in these compartments. Surprisingly, in greater 
than 95% of more than 300 whorls observed, the compart- 
ments  present  in the  whorl interior  did  not  contain the 
vacuolar ade6 fluorochrome (Fig. 6). This result suggested 
that  the  compartments  in  the  whorl  might  be  different 
from vacuoles. However, the absence of the ade6 fluoro- 
chrome could reflect the  presence of whorl membranes, 
which prevented the engulfed vacuoles from accumulating 
the vacuole fluorochrome. 
To test this possibility, karmellae were induced in cells 
grown in medium containing limiting amounts of adenine 
to allow accumulation of the red fluorochrome in all vacu- 
oles before karmellae degradation. HMG1 expression was 
then repressed by the addition of thiamine and karmellae 
were allowed to differentiate into whorls. Again, the whorls 
excluded preexisting vacuoles which had been marked by 
the  accumulation  of  the  red  fluorochrome.  This  result 
ruled  out the  possibility that  the  absence  of the  fluoro- 
chrome  from  the  compartments  inside  the  whorls  was 
merely due to the inability of the sequestered vacuoles to 
accumulate the red fluorochrome. 
If the  compartments in  the  whorls were  distinct  from 
preexisting vacuoles, two populations of CDCFDA-stained 
compartments should exist in cells  undergoing karmellae 
degradation. There should be a population of stained com- 
partments that lacked the ade6 fluorochrome and another 
population  of stained  compartments  that  contained  the 
ade6 fluorochrome. Therefore, we examined the correla- 
tion between CDCFDA-stained compartments and vacu- 
oles (stained with the ade6 vacuole fluorochrome). In all 
cells  that lacked karmellae,  every compartment in  a  cell 
that was stained with CDCFDA also contained the vacu- 
Figure  6.  The  interior  of the 
whorl  excluded  preexisting 
vacuoles. Living cells express- 
ing  HMG1  under  control  of 
the  nmtl+  promoter  were 
stained with DiOC6, which al- 
lowed visualization of the nu- 
clear  envelope,  ER,  and  pro- 
liferated  membranes  (left 
panels). The right panels show 
vacuoles, stained with the en- 
dogenous  fluorochrome  that 
accumulates in the vacuoles of 
ade6 cells. Vacuoles were  ex- 
cluded  from  the  interior  of 
more  than  95%  of  whorls. 
Small arrow  points to fluoro- 
chrome-containing  vacuoles. 
Large  arrows  points  to  the 
whorl, n, nucleus; w, whorl; x, 
exclusion of the pigment con- 
taining vacuoles. Bar, 5 Ixm. 
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population  that  was  undergoing  karmellae  degradation, 
one to three CDCFDA-stained compartments were present 
per  cell  that  did  not  contain  the  vacuole  fluorochrome 
(Fig. 7).  Interestingly, some of these  fluorochrome-nega- 
tive compartments were more intensely stained with CD- 
CFDA  than  the  fluorochrome-positive  compartments. 
This result was consistent with the observation that com- 
partments inside a whorl were often more intensely stained 
with CDCFDA than preexisting vacuoles (Fig. 5 B). In ad- 
dition, the presence of one to three fluorochrome-negative 
compartments per cell was consistent with the presence of 
one or two whorls per cell. Thus, in cells that were degrad- 
ing karmellae membranes, two populations of CDCFDA- 
stained  compartments  existed:  preexisting  vacuoles  that 
contained  the  vacuole  fluorochrome  and  newly  formed 
compartments in the whorl that did not contain the vacu- 
ole fluorochrome (Fig. 7). 
The Dye FM1-43, Which Labels Vacuolar 
Membranes, Did Not Stain Whorl Membranes or the 
CDCFDA-stained Compartments in the 
Whorl Interiors 
To examine in greater detail the possibility that karmellae 
degradation  involved  a  compartment  that  was  distinct 
from preexisting vacuoles, we stained the vacuolar mem- 
branes in  karmellae-containing cells with the fluorescent 
dye, FM1-43. This dye is trapped in the outer leaflet of the 
plasma membrane, and can be used to follow membranes 
of organelles in the endocytic pathway (57). To our knowl- 
edge  FM1-43  has  not  been previously used  in  fungi,  al- 
though a  structurally similar dye, FM4-64,  has been used 
to label yeast vacuoles (64). To show that FM1-43 stained 
the  vacuolar membrane  as  expected,  cells  were  double- 
stained  with  CDCFDA  to  stain  the  vacuole  lumen  and 
with FM1-43 (Fig. 8). 
When wild-type S. pombe cells were grown in medium 
containing  FM1-43,  the  outline  of the  cell  was  first  ob- 
served, consistent with staining of the plasma membrane. 
Figure 7.  Two types of CDCFDA-stained  compartments were 
present in cells with increased  levels of Hmglp. Living cells ex- 
pressing  HMG1 under  control  of  the  nmtl+  promoter were 
stained  with CDCFDA. Then the pattern of CDCFDA staining 
was compared to the staining with the vacuole fluorochrome that 
accumulates  in the vacuoles of ade6 cells. One type of compart- 
ment contained the ade6 fluorochrome and another type lacked 
the vacuole fluorochrome. Arrows point to a compartment stained 
with CDCFDA that lacked the ade6 fluorochrome. Bar, 5 Ixm. 
After 5  to  10 min, the  cytoplasm of the  cell was stained 
and  bright  patches  were  occasionally observed near  the 
cell periphery.  After 20  to 30  rain, vacuolar membranes 
were stained  (Fig. 8) This pattern of staining was consis- 
tent  with  the  expectation  that  FM1-43  was  entering  the 
cells via an endocytic route, as demonstrated for FM4-64 
(64).  Karmellae were induced in the presence of FM1-43 
and then allowed to undergo degradation. Thus, the vacu- 
olar  membranes  were  already  labeled  at  the  time  of 
karmellae formation and continued to be labeled through- 
out induction  and degradation.  The FM1-43  staining pat- 
tern was then observed either in the absence or presence 
of DiOC6,  which  allowed  visualization  of all  ER  mem- 
branes.  In greater than  95%  of the  whorls,  the  enclosed 
vesicles were not labeled with FM1-43, further supporting 
the  possibility that  the  compartments in  whorl  interiors 
were distinct  from preexisting vacuoles (Fig. 9).  In addi- 
tion, neither karmellae membranes nor the whorls them- 
selves were stained with FM1-43, indicating that there was 
no  fusion  between  karmellae or  whorl  membranes with 
preexisting vacuoles or vesicles derived from endocytosis. 
A  Compartment Containing Neutral Lipids 
Accumulated in the Whorl Interior during Degradation 
Under Nomarski optics, the whorls accumulated refractile 
spheres in the interior. These spheres appeared similar to 
lipid particles  that  are present  in  the  cytoplasm of wild- 
type cells (51). However, the refractile spheres in the inte- 
rior of the whorls grew larger as the whorls were degraded. 
Consequently, they were often larger than those observed 
in the cytoplasm of uninduced cells. We suspected that the 
refractile spheres represented the terminal morphological 
structure  following  karmellae  degradation.  If they  were 
actually lipid particles, the refractile spheres should  con- 
tain neutral lipid (32). To test for the presence of lipids in 
the  refractile  spheres,  we  stained  cells with  Nile  Red,  a 
fluorescent dye that stains neutral lipids, including sterol 
esters  and  neutral  phospholipids  (22).  Nile  Red  is  an 
uncharged benzophenoxasone dye composed of four con- 
jugated  rings and  a  hydrocarbon tail, resembling choles- 
terol. The fuorescent properties of Nile Red vary depend- 
ing on the hydrophobic environment in which it is dissolved. 
When excited at wavelengths below 580 nm, Nile Red that 
is dissolved in lipid particles is preferentially observed and 
exhibits an intense, yellow-gold fluorescence. In contrast, 
excitation  of the  same cells  at wavelengths  greater than 
580  nm  reveal  Nile  Red  fluorescence  in  cellular  mem- 
branes that is less intense and red in color (22).  In wild- 
type S. pombe cells, all refractile spheres were stained with 
Nile Red, indicating that these structures were indeed lipid 
particles. Exciting the dye at 488 nm allowed us to visual- 
ize  the  lipid  particles  simultaneously with  cellular mem- 
branes.  Thus,  in  contrast  to  DiOC6  staining  that  labels 
only membranes, Nile Red stained both membranes and 
lipid particles, but each had a distinct intensity and color. 
When  karmellae-containing  cells were  stained  with  Nile 
Red, karmellae membranes were readily observed. In ad- 
dition,  Nile  Red  also  stained  the  refractile  spheres  that 
were enclosed within the whorl membranes. One or more 
such  Nile  Red-positive  spheres  were  present  within  the 
whorl (Fig.  10).  As degradation proceeded, the thickness 
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43,  labeled  vacuole  membranes in 
living cells. These cells, in which ex- 
pression  of HMG1 was  repressed 
by growth  on  thiamine-containing 
medium, were stained with FM1-43 
to  label  vacuole  membranes  and 
with  CDCFDA  to  label  vacuole 
contents.  A shows staining of vacu- 
ole  interiors  with  CDCFDA.  B 
shows FM1-43 staining of the vacu- 
olar membranes. Bar, 5 v.m. 
of the whorl membranes decreased and the Nile Red-posi- 
tive compartment grew larger.  Thus, as karmellae mem- 
branes were degraded, it appeared that the resulting lipids 
were  segregated  into  a  lipid  particle  that  formed  in  the 
whorl interior. 
Cycloheximide Did Not Affect Formation of 
the Whorls or the Subsequent Accumulation of the 
Neutral Lipid Compartment 
To gain further  insight  into  the  mechanics  of karmellae 
degradation,  we determined whether or not  new protein 
synthesis was required for whorl formation. The synthesis 
of Hmglp protein from the nmtl+ promoter was induced 
by growth of cells with pPL283  in thiamine-free medium 
to  allow  karmellae membranes to  proliferate.  After  the 
cells reached the peak of karmellae production at mid-log- 
arithmic  phase  of growth,  expression  of HMG1  was re- 
pressed by addition  of thiamine  and 200  ixg/ml  of cyclo- 
Figure 9.  No organelle stained with FM1-43 was observed in the 
whorl interior.  Living cells expressing HMG1  under control of 
the nmtl + promoter were grown in the presence of FM1-43 to la- 
bel vacuolar membranes and then expression of HMG1  was re- 
pressed by addition of thiamine to induce karmellae degradation. 
These cells were also stained with DiOC6 to visualize whorl mem- 
branes. Vacuoles were generally excluded from the whorl interior 
(95 %  of observations). In addition, neither the whorls themselves 
nor the compartments within the whorl interior were labeled with 
FM1-43. w, whorl; x, exclusion of FM1-43 dye. Bar, 5 Ixm. 
heximide  was  added  to  stop  protein  synthesis  (6,  45). 
Growth of the  culture  was arrested,  showing  that  cyclo- 
heximide at this concentration was effective in preventing 
new protein synthesis (data not shown). Nevertheless, dur- 
ing the 4 h of observation, karmellae continued to detach 
from  the  nucleus  to  form  cytoplasmic  whorls.  Further- 
more, the interiors of the whorls developed the refractile 
lipid particles during the later stages of degradation (data 
not shown). Thus, the process of whorl formation (i.e., the 
detachment  of karmellae from the  nucleus)  and  at  least 
the  initial  stages of lipid  particle  formation required  no 
new  protein  synthesis.  However,  the  whorl  membranes 
were not completely degraded in the presence of cyclohex- 
imide,  so  that  some  lipid  particles  continued  to  be  en- 
closed within whorl membranes. 
Interestingly, inhibition  of new protein  synthesis  actu- 
ally promoted the formation of whorls (Fig. 11 A). This re- 
sult suggested that a short-lived protein may be needed for 
karmellae maintenance.  The relative Hmglp levels were 
essentially identical in cycloheximide-treated and in con- 
trol ceils during the experiment (Fig.  11, B  and C). Thus, 
similar amounts of Hmglp were present in cycloheximide- 
treated and control cells, even though the proportions of 
cells containing whorls or karmellae in these populations 
were significantly different. Populations of cycloheximide- 
treated  cells  had  increased  levels  of  whorls  relative  to 
karmellae relative to control cells. These data  suggested 
that  the  presumptive  short-lived  protein  needed  for kar- 
mellae maintenance was not Hmglp itself. Cycloheximide 
also had a similar effect on karmellae generated by consti- 
tutive expression of HMG1 from the adh + promoter (data 
not shown). 
Discussion 
A  major pathway for turnover of cellular components, in- 
cluding organelles, is autophagy. During autophagy, por- 
tions of cytoplasm are sequestered into vesicles and deliv- 
ered to the lysosome for degradation (18, 53, 54). Certain 
features of karmellae degradation appeared similar to au- 
tophagy. For example, the autophagosome membrane can 
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partment  that  stained  with 
Nile  Red  was  present  in  the 
whorl interior.  Living cells ex- 
pressing HMG1 under control 
of the  nmtl+  promoter were 
stained with Nile Red to visu- 
alize neutral lipid particles and 
membranes.  (A)  Karmellae 
membranes as well as lipid par- 
ticles  were  stained  with  Nile 
Red.  (B)  Peripheral  strips  of 
stacked  membranes,  the  nu- 
clear envelope and lipid parti- 
cles were stained with Nile Red. 
(C and D) Nile Red stained  a 
lipid compartment in the inte- 
rior of whorls.  This  compart- 
ment  appeared  highly  refrac- 
tile  under  Nomarski  optics 
(not  shown).  As  the  whorl 
became  thinner  in  the  later 
stages of degradation,  the lipid 
particle grew larger, so that a 
large  lipid  particle  remained 
after the whorl was completely 
degraded.  Arrows  point  to 
the  proliferated  membranes. 
n,  nucleus;  p,  lipid  particle. 
Bar, 5 ~m. 
be derived from ER membranes (18, 63) and can contain 
multiple  membrane layers, similar to  the  whorls formed 
during karmellae degradation (for example, see references 
9, 61, and 62). However, certain features of karmellae deg- 
radation  distinguished  it  from  autophagy.  For  example, 
the  morphology of karmellae  degradation  differed from 
autophagy. Instead of forming a single compartment as in 
autophagy, small compartments formed within the whorl 
interior. The whorl was then degraded from the inside out, 
leaving a lipid particle. A  further indication that karmellae 
degradation occurred by a non-autophagic process was the 
absence  of a  role  for  preexisting  vacuoles in  karmellae 
degradation.  During autophagy, the autophagosome con- 
tents are delivered for digestion to a lysosome or prelyso- 
somal compartment, or, in yeast, to the vacuole (7, 17, 18, 
31, 53,  58). Our results demonstrated that karmellae deg- 
radation did not involve preexisting vacuoles. In addition, 
the lack of FM1-43 staining of whorl membranes indicated 
that  these membranes did  not  fuse with vesicles derived 
from the endosomal pathway (see reference 64 for studies 
using a similar dye). 
The lack of a role for preexisting vacuoles in karmellae 
degradation  raises  interesting  questions  concerning  the 
source  of the  degradative  enzymes for karmellae break- 
down. New protein synthesis was required for only the ter- 
minal stages of karmellae degradation. Thus, at the time of 
formation, the whorls contained all of the proteins needed 
to at least partially degrade the membranes. The ability of 
karmellae to differentiate into a self-degradative organelle 
supports the possibility, raised by Noda and Farquhar, that 
a  de  novo mechanism  may exist  to  convert  ER-derived 
membranes into  a  degradative  compartment  (41).  Their 
hypothesis was based on analysis of intracisternal granule 
degradation in thyrotrophs. These granules, which contain 
the beta-subunit of thyrotropic hormone, form within the 
ER  lumen when secretion of thyrotropic hormone is in- 
duced, then abruptly repressed. The granules are too large 
to be cleared from the ER via the secretory pathway. In- 
stead, the ER pinches off to enclose a granule in a vesicle 
delimited  by a  single membrane. The  resulting  compart- 
ment attains characteristics of lysosomes and the contents 
are  degraded.  Observations  consistent  with  a  de  novo 
pathway for vacuole formation have  also been  obtained 
from  studies  of vacuole  morphology mutants  (47).  The 
patterns  of  karmellae  degradation  indicated  that  ER- 
derived membranes in fission yeast could also differentiate 
into  a  degradative  compartment.  However,  rather  than 
simply  digesting  ER  lumenal  contents,  the  process  of 
karmellae degradation resulted in degradation of the ER- 
derived membranes themselves. 
Cycloheximide  treatment  prevents  the  mevalonate- 
accelerated turnover of HMG-CoA reductase in mamma- 
lian cells (12). However, our results showed that cyclohex- 
imide treatment did not prevent the initial step of karmel- 
lae degradation in S. pombe (see Fig. 11 C). Furthermore, 
instead of preventing formation of whorls, which were the 
morphological intermediate in karmellae degradation, in- 
hibition of new protein synthesis induced rapid formation 
of whorls. This result suggested that a  short-lived protein 
or  proteins  were  needed  for  maintenance  of karmellae. 
These proteins might be necessary to anchor karmellae to 
the outer nuclear envelope, thus preventing whorl forma- 
tion. The short-lived protein needed for karmellae mainte- 
nance was not Hmglp, since no difference in Hmglp levels 
was found in cycloheximide-treated populations that had 
low  numbers  of karmellae-containing  cells,  and  control 
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of a specific protein, karmellae maintenance depends on a 
certain level of ongoing translation. We have isolated mu- 
tants that produce decreased amounts of karmellae and/or 
increased numbers  of whorls (Chang, H., P. Y. Lum,  and 
R.  Wright,  unpublished  observations).  Analysis of these 
mutants should shed light on these alternatives. 
During the degradation process, both lipid particles and 
CDCFDA-stained compartments were present in the inte- 
rior of whorls.  However,  the  relationship between  these 
two  compartments  remains  unclear.  Lipid  particles  in 
yeast have  similar structures  as mammalian lipoproteins, 
consisting of a neutral lipid core that contains steryl esters 
and  triacylglycerols,  and  a  monolayer  containing  both 
phospholipids and  sterols  (32).  Our  working hypothesis, 
based  partially on  models  of  apolipoprotein production 
(14) (Fig. 12), is that acidification of regions in the inner- 
most whorl layer activates endogenous phospholipases, es- 
Figure 11.  Inhibition of protein synthesis by cycloheximide did 
not inhibit whorl formation, but, instead, accelerated the process. 
Living cells expressing HMG1 under control of the nrntl+  pro- 
moter were  allowed to  accumulate  karmellae. At the  peak of 
karmellae production, cycloheximide was added to inhibit pro- 
tein synthesis and thiamine was added to repress transcription of 
HMG1. (A) Karmellae detached from the nucleus to form whorls 
in the presence of cycloheximide. Arrows show incipient whorls 
or whorls that have already detached from the nucleus. (B) Im- 
munoblots using anti-Hmglp antiserum showed that cells treated 
with cycloheximide had similar amounts of Hmglp as controls. 
Serial dilutions (not shown)  confirmed that  the  alkaline phos- 
phatase reactions shown on this blot were in the linear range. Du- 
plicate of the SDS-polyacrylamide gel that was used for the im- 
munoblot  is shown  as  a  control for total protein loading. (C) 
Filled bars show the proportion of cells with whorls relative to 
karmellae following cycloheximide treatments. Gray bars show 
Hmglp levels normalized to total protein. The whorls/karmellae 
ratio increased in the presence of cycloheximide,  but no apprecia- 
ble difference was observed in Hmglp levels in the control and 
the cycloheximide treated cells. Arrowhead, Hmglp (115  kD). 
Arrow, Hmglp breakdown product (~60 kD). n, nucleus; CHX, 
cycloheximide 200 t~g/ml. 
populations that had high numbers  of karmellae-contain- 
ing cells. Thus, at least one protein other than HMG-CoA 
reductase  must  be  involved in  the  formation  or  mainte- 
nance  of karmellae. An alternate interpretation of these 
Figure  12.  Working hypothesis of the  mechanics of karmellae 
degradation. Karmellae detach from the nucleus to form a whorl 
of stacked membranes. This alteration activates proteins in the 
innermost layers of the whorl, causing portions of the membrane 
to dilate and the lumen of this dilated region to become acidic. 
The  change  in  pH  activates  proteases,  lipases,  and  esterases 
which degrade the membrane sequentially from the interior out- 
ward. Products of lipid degradation accumulate between the leaf- 
lets of the membrane, forming a lipid particle. The degradation 
continues until the whorl membranes have been completely de- 
graded and only the lipid particle remains. 
The Journal of Cell Biology,  Volume 131, 1995  92 terases,  and  proteases.  As  these  enzymes  degrade  the 
membrane  proteins  and  lipids  of the  whorl,  hydrophilic 
products accumulate in the acidic region and hydrophobic 
products accumulate between the monolayers, forming a 
lipid particle.  After membrane degradation is  complete, 
the  lipid  particle  remains  as  a  neutral  lipid  store,  from 
which sterols and tipids may be obtained for membrane 
biogenesis  (34,  59).  The  fate  of  the  CDCFDA-stained 
compartments produced during karmellae degradation is 
currently unknown. One possibility is that these compart- 
ments fuse with or differentiate into vacuoles. Alternately, 
the contents of these compartments may be released into 
the cytoplasm, so that the compartment progressively dis- 
appears as membrane degradation is completed. 
Karmellae degradation appeared morphologically simi- 
lar  to  degradation  of  other  ER  membranes,  including 
membranes induced in mammalian cells by phenobarbital 
(9)  or HMG-CoA reductase  (4). Ultrastructural  analysis 
of crystalloid  ER  degradation  shows  that,  concomitant 
with addition of LDL, the precise organization of crystal- 
loid ER structure disintegrates (42). The crystalloid ER 
tubules  dilate  and  the  membranes  are  apparently  de- 
graded  in  situ,  without  any accumulation of autophagic 
structures. Electron micrographs of cells undergoing crys- 
talloid ER degradation show formation of lipid particles 
near  the  disorganized  crystalloid  Er  arrays,  similar  to 
those seen in the whorl interior (Fig. 10 C in reference 4). 
Although the morphological details of karmellae and crys- 
talloid ER degradation differ, degradation of both mem- 
brane arrays appears to occur by conversion of the ER- 
derived  membranes  into  self-degradative  compartments. 
Thus, the mechanisms by which HMG-CoA reductase in- 
duced membranes are degraded may be conserved. 
Our results suggested that, in fission yeast, the degrada- 
tion of Hmglp and karmellae membranes may be coupled. 
In  mammalian  cells,  HMG-CoA  reductase  turnover  is 
thought to be coordinated with, but independent of crys- 
talloid ER degradation.  This conclusion is  based on the 
observation that decreases in the amount of HMG-CoA 
reductase activity preceded degradation of crystalloid ER 
(4, 42). In these studies, crystalloid ER turnover was mea- 
sured by loss of the total volume occupied by crystalloid 
ER elements. However examination of the published mi- 
crographs shows  that the  surface  area  of the  crystalloid 
ER decreased before decreases in the total volume were 
observed and that the decrease in surface area was corre- 
lated with the decrease in HMG-CoA reductase activity. 
Specifically, 8 h after addition of LDL, HMG-CoA reduc- 
tase activity decreased 1.76-fold (Table 3 in reference 42). 
Our morphometric analysis of Figs. 2 A and 10 A (in refer- 
ence 4) shows that the surface area of crystalloid ER tu- 
bules also had decreased ~l.8-fold. Thus, in mammalian 
cells, degradation of HMG-CoA reductase may also occur 
simultaneously with loss of the membranes in which the 
protein is localized. However, to what degree the degrada- 
tion of the protein and the membranes is coupled in the 
fission yeast is a question for future investigation. 
Many proteins, including unfolded or mutant secretory 
proteins  and  ER-resident  proteins,  are  degraded  within 
the ER in a process that does not involve lysosomes and is 
characterized by the  lack  of Golgi-type glycosylation of 
the substrates (10, 20, 35). Degradation of HMG-CoA re- 
ductase itself has these characteristics and is signaled by 
increased cholesterol accumulation in the ER membrane 
(12, 24, 42). However, the correlation between the degra- 
dation of the ER proteins and the membranes in which 
they reside has not been determined in any cell type. If the 
degradation of HMG-CoA reductase-induced membranes 
represents a magnified view of normal ER turnover, then 
further studies on the relationship between the degrada- 
tion of HMG-CoA reductase protein and HMG-CoA re- 
ductase-induced membranes should help clarify this issue. 
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